Abstract: Materials with relatively small refractive indices ( 2 n < ), such as glass, quartz, polymers, some ceramics, etc., are the basic materials in most optical components (lenses, optical fibres, etc.). In this review, we present some of the phenomena and possible applications arising from the interaction of light with particles with a refractive index less than 2. The vast majority of the physics involved can be described with the help of the exact, analytical solution of Maxwell's equations for spherical particles (so called Mie theory). We also discuss some other particle geometries (spheroidal, cubic, etc.) and different particle configurations (isolated or interacting) and draw an overview of the possible applications of such materials, in connection with field enhancement and super resolution nanoscopy. 
Introduction (Photonic nanojet -a discovery that did not happen 400 years ago)
Transparent spherical particles have been attracting the attention of scientist for more than two millennia. For example, it's been known since ancient times that the garden should not be watered in the afternoon, as the small droplets of water deposited on the leaves could cause sunburns. Pliny the Elder (AD 23-AD 79) reported on the incendiary action of glass spheres and Seneca (4 BC-AD 65) wrote about the magnifying effect of such spheres if one looks through it at small letters. Archimedes, Ptolemy and apparently most antique physicists knew the effect of light refraction. However, to establish the correct law of light refraction was not easy. The history of this discovery is connected with the names of some of the greatest scientists of the Reformation. However, historical analysis [1] shows that this law, in its correct form, was firstly discovered by the scientist Ibn Sahl at the court of Baghdad in 984 and later rediscovered several times by Thomas Harriot in 1602, Johannes Kepler in 1604, Willebrord Snellius (Snell) in 1621 and Rene Descartes in 1637. In 1662 Pierre de Fermat showed that this law follows from Fermat's Principle, which establishes that light follows the path that minimizes the time. In 1678 Christiaan Huygens showed how Snell's law of sines could be explained using the wave nature of light and Huygens-Fresnel principle. In 1604 Kepler introduced the meaning of focus and explained the principles of pinhole cameras. In his book published in 1611 he describes light refraction and the concept of the optical image. He yielded also the general theory of lenses. Kepler was familiar with the law of sines and knew the trigonometric tables of Rheticus, published in 1551, as well as Napier's tables of logarithms. Galileo also was familiar with the "science of refraction", as he wrote in his Sidereus Nuncius, 1610. At the same time, later Galileo wrote to Giovanni Tarde in his letter on November of 1614: "This science is still not well known, and I do not know anyone who would be engaged in it, unless the recall of Johannes Kepler, the Imperial mathematician who wrote a book about it, but it is so dark that it is perhaps no one understood". Probably these words explain why the discovery of photonic nanojets did not happen 400 years ago, despite Kepler having sufficient skills to explain the effects described by Pliny and Seneca on the basis of ray tracing and geometrical optics. Kepler was also familiar with a question debated by ancient scholastics: "Whether a million of Angels may not fit upon a needle's point?" Can one ask the same question about the pieces of light at the nanoscale?
The story of Snell`s law is a particular example of the general Arnold Principle [2] : "If a notion bears a personal name, then this name is not the name of the discoverer".
In any case, it is not difficult to reproduce ray tracing [3] pictures, which Kepler and Snell, in principle, were able to plot, from which one can see effect of light focusing by dielectric spheres and cylinders. For spheres with refractive index 1 2 n < < , the focus is situated at some distance on the shadow-side surface. For 2 n = , the focusing happens, exactly, on the shadow-side surface. Finally, for all 2 n > the light is focused inside the particle. Following Snell's law one can find [3] both the caustic shape and the cusp end at the geometrical-optics focus, which is situated at a distance 2 1
R n f n = − (as measured from the center of the sphere). The spot size at this position can be approximated by caustic, and is given by ( ) 
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In the case of a cylinder, a similar formula for the field enhancement can be found, which reads as ( ) 
One can see from these formulas that a large field enhancement appears near the outer edge of the particle. It depends on the refractive index only while the spot size is proportional to the particle size and can be significantly smaller than it. An important step forward to the study of light scattering by small particles was taken by Lord Rayleigh. From his considerations [4] , it follows that a small dielectric particle with size R λ << does not act as a small lens but, instead, scatters light as a point electric dipole (and therefore symmetrically in the forward and backward directions). Thus, asymmetrical jet-like fields arise just in some range of / R λ values, which could not be small.
The full description of light scattering by spherical particle was obtained by Mie in 1908, and it is known as Mie theory [5] . If the particle has no dissipation the scattering is characterized by the refractive index p n as well as the size parameter 2 m q Rn
Here m n is refractive index of media. According to Mie theory, the total scattering efficiency sca Q as well as the forward, FS Q , and backward, BS Q , scattering efficiencies are represented by [5] ( )
where the scattering amplitudes a  (electric) and b  (magnetic) are defined by the formulas
, , 
, the symbol ′ denotes differentiation with respect to the argument of the corresponding function. Inside the particle one can find the amplitudes of the internal fields d  (electric) and c  (magnetic) which are defined by the formulas:
Similar formulas can be written in the case of light scattering by an infinite circular cylinder [5] . For example, for the case of TE-polarization ( z ⊥ E ) and normal incidence the scattering efficiency sca Q and differential forward FS Q and backscattering BS Q efficiencies are given by (an over line is used to distinguish them from those corresponding to spheres):
where ( ) ( ) ( )
and
The amplitudes of internal fields are represented by
In contrast to spherical particles, where the electric, a  , and magnetic, b  , amplitudes are described by different formulas (5), for the case of cylinders both, electric and magnetic amplitudes, a  , follow the same formula (9). For TE-polarization, the even index corresponds to magnetic modes ( 0 a -magnetic dipole, 2 a -magnetic quadrupole, 4 a -magnetic octupole, etc.) and odd index corresponds to electric modes ( 1 a -electric dipole, 3 a -electric quadrupole, etc.). Similar relations are valid for internal field amplitudes d  . Using Mie theory it is easy to see how the field enhancement transforms from that of a dipole in the limit of Rayleigh scattering to a pronounced, jet-like structure near the outer part of the particle as a function of the index of refraction and particle size. Such kind of jet-like structure for small particles has been known at least since the year 2000 [6] . One can see a number of these jets in the papers [6] [7] [8] [9] [10] , e.g. Figure 1 where the jet from the front page of the book [10] is shown. Fig. 1 . The image of photonic jet for a particle with 1.6 n = from the front page of the book [10] . Original publications related to similar jets one can find in the papers [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ].
In Fig. 2 , we exemplify the mentioned evolution of the field intensity distribution as the size parameter for a spherical particle with refractive index 1.5 n = is varied from the Rayleigh limit to the formation of the jet-like structure. At 0.1 q = (within the Rayleigh limit) one can see the usual field distribution corresponding to an electric dipole. As the size parameter is increased, the field profile evolves and tends to be more localized into the forward direction. Finally, at 10 q π = one can see the formation of a pronounced jet (see supplementary video). This effect plays an important role in laser cleaning [6] [7] [8] [9] [10] and it can be used for subdiffraction nanopatterning [11] [12] [13] [14] [15] [16] [17] of semiconductor, metallic and transparent substrates. Using Mie theory one can study the basic properties of the near field enhancement obtained within the jet-like structures. For large values of the size parameter, the maximum intensity within the jet has an asymptotic dependence max I q ∝ see e.g [3, 17, 18] . This is a typical case for a large particle with large spherical aberration [19] whose geometrical-optics focus scales as f R ∝ for spheres. The focal caustic is axially symmetric and highly degenerate [20] . It contains a caustic surface of revolution with 1 3 I q ∝ , and a caustic line along the z axis. The former is due to meridional rays, while the latter is due to sagittal rays. A strong spherical aberration significantly decreases the focal intensity, but creates a high intensity line between the sphere and the focus 3 . In order to reach a two-orders-of-magnitude 2 E intensity enhancement with spherical particles one needs characteristic size parameters on the order of ten. At the same time, one-order-of-magnitude 2 E intensity enhancements using cylinders requires size parameters of a few hundred. While the identification of these near field focusing effects was first found in [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , the concept was further developed in subsequent works [21] [22] [23] [24] [25] [26] [27] [28] [29] in which, additionally, the popular term "photonic nanojet" was introduced. Different properties of these jet-like field distributions in particles with different shapes were further investigated in a number of papers, e.g. in [21] the scattering from cylinders with size parameter 10 q π = and refractive indexes 1.7 n = , 2.5 and 3.5 was investigated.
Basic properties of photonic nanojet
The majority of the studies devoted to photonic nanojet structures has been done for single and chain of spheres [6- In general, the behavior of spheres and cylinders are quite similar and, thus, it makes sense to discuss the results for both shapes in parallel. In Fig. 3 we present the color contour plots of scattering efficiencies for a sphere and a cylinder as a function of their refractive index and size parameter (thus in the{ , } q n plane), together with the trajectories corresponding to the first three electric and three magnetic resonances. These resonances, for the spherical particle in Fig. 3 One can see that trajectories of electric dipole (ed) and magnetic quadrupole (mq) for the spherical particle with 1.5 2 n < < are quite close. On the contrary, for the cylindrical particle the trajectories of these resonances are clearly separated. On the left hand parts of the contour plots we represent the variation of several individual multipoles as a function of the size parameter, for three particular values of the refractive index:
1.6 n = , 2 and 2.5. One can see that resonances become sharper and move towards smaller size parameters with increasing refraction index.
In Fig. 4 (a), the total and partial electric and magnetic scattering efficiencies are studied, both, for a sphere and a cylinder. The total scattering efficiency for particles with refractive index 2 n = , shown in panels (a), can be accurately described in this range of q values as a sum of the six partial resonant efficiencies shown. In the case of sphere, the three observed dominant peaks in sca Q could be identified as corresponding to the dipole, quadrupole and octupole magnetic resonances. In the case of a cylinder, the effect of overlapping of different resonances is more pronounced, and no clear peaks are observed in the total scattering efficiency. Overlapping of electric and magnetic resonances yields the first Kerker condition for sphere and cylinder [60, 61] , which corresponds to minimal backscattering efficiency. These pronounced minima in backscattering are well seen for, both, sphere and cylinder in Fig. 4(b) .
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In Fig. 4(c) we show the trajectory of this Kerker resonance for a sphere on the plane of ( ) , q n parameters. It follows the single valley on the surface and it presents, almost, a linear dependence within the given range of parameters. The polar scattering diagram along Kerker resonance trajectory show pronounced forward scattering (not shown here). The optimum Kerker condition, however, may require a particle with refractive index more than two [62, 63] . For example, for a refractive index 2.45 n ≈ , the spheroidal shape can be more efficient [62] than the spherical one. The asymmetrical shape in Fig. 4(d) , 4(h) looks like Fano-resonance [64] but it is caused by another type of interference.
In Fig. 5 , we show an example of the intensity distribution along the line through the center of a particle with refractive index 1.5 n = and size parameter 20 q = . One can observe a huge field enhancement near the outer edge of the particle. Qualitatively this effect can be understood with the help of ray tracing [3] by Snell's law (shown in the inset). Under the limit of geometrical optics the field enhancement does not depend on the size parameter. In contrast, the wave theory yields strong dependence of the field enhancement on the size parameter. Oscillations in the jet fields caused by optical resonances were discussed since 2000 [6] . In Fig. 6 (a) we show these oscillations in the electric field intensity 2 E on the outer edge of the particle on the n and q parameter space. One can clearly see that optical resonances are excited for smaller size parameter with increasing refractive index. Figure 6(b) illustrates the mechanism of field compression by the emergence of optical vortices at the particle border. A zoomed view of these vortices is shown in Fig. 6(c) . Singular points marked as 5, 6, 9, 10, 12, 15 are saddles. There are four branches of separatrixes emerging from each singular saddle point. Singular points marked as 2, 4, 7, 8, 11, 13, 14 are focal points. The phase trajectories around these points fill the whole space in the corresponding loops. There are a few important parameters for the different applications of photonic nanojets. These are, e.g., the position of the focus, the focal spot size, the maximum intensity of the electric and magnetic fields and their dependence on the refractive index and size parameter of the particle. We will now summarize these characteristics for the case of spherical particles. As one can see under the approximation of geometrical optics, the position of the focal point at 1 n → (n being the relative refractive index between the particle and the external medium) tends to infinity. At 2 n → the focal point moves towards the particle edge f R → . This tunable-focus effect can be used, e.g., in laser-assisted micro/nano-fabrication n . An example of such tuning, when the external medium surrounding the particle is changed from air to water, is exemplified in Fig. 7 . Practically, it can also be done with the help of additional transparent layers of material deposited on the top of surface meant to be processed [38, 46] . Additionally, the position of the focus can be controlled with the size parameter, a situation that is exemplified in Fig. 8 for different values of the refractive index and that has been studied in details in [50] . Up to now when referring to the formation of a nanojet, we were describing a phenomenon related to the concentration of electric field. However, for dielectric particles with big size parameters it is interesting to note that the nanoject is, in fact, more a "magnetic nanojet" rather than an "electric nanojet". This is, when the nanojet is formed, the magnetic field enhancement can be actually much larger than the one corresponding to the electric field. As an example, in Fig. 10 the distribution of electric intensity 2 E is shown together with magnetic intensity 2 Η and the modulus of the Poynting vector S , for a sphere with 1.5 n = and size parameter 10 q = . Therefore, the emergence of enhancements in the magnetic field, identified for particles with high refractive index [66, 67] , is also possible for particles with relatively small refractive index 2 n < , provided their size is larger than the wavelength ( 2 3 R λ ≈ in this case). This property could be used, for example, to enhance the emission characterized by a magnetic dipole transition [68]. 
The caustic structure and shape effects
The majority of applications of nanophotonic jets for nanopatterning were done with particles with size parameters on the order of ten and larger. For these big values of the size parameter Maxwell's equations yield a complex pattern for the electric and magnetic fields, related to caustic diffraction catastrophes [20] . A well-known example of this effect is the generation of Airy patterns [69] , which has been discussed due to its relation to super-resolution, near field structure [ 
Here Ψ is a complex function of two normalized coordinates, with an intensity defined as 2 . I ∝ Ψ The path of integration in (12) The peculiarity of the diffraction pattern for the spherical particle is an additional caustic line along the z-axis [3] . This caustic is responsible for the maximal filed intensity under the particle. For very big size parameters the intensity pattern follows the approximation of geometrical optics, with a wave pattern that is universal for the underlying ray structure [18] . The corresponding canonical integral is the Bessoid integral, which is a three-dimensional generalization of the Pearcey integral that approximates the field near an arbitrary twodimensional cusp. With size parameters 30 q > this model produces a pattern which is very close to the pattern obtained by Mie theory (see, e.g., Figs. 7 and 8 of Ref. 18). The high intensity region is narrower than that of an ideal lens of the same aperture at the expense of a smaller longitudinal localization and has a polarization dependent fine structure. The field enhancement generated from a spherical particle near a surface (particle on surface -theory [6, 73, 74] ) can be larger than that obtained in a homogeneous environment (Mie theory). Also, a spherical particle can produce larger intensities than solid immersion lenses (SIL). Some examples of this phenomenon are illustrated in Fig. 11 . A number of micro particles with high degree of spatial axial symmetry of the shape (spheres [3, 6- were analyzed in connection to the formation of photonic nanojets. In this regard, the solid immersed lens presented in Fig. 12(a) represents just a particular example. In fact, even particles with non-symmetrical 3D shapes have been shown to produce such photonic jet [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . Some examples of the shapes extensively studied in the literature are presented in Fig.  13 . An interesting modification in the photonic nanojet is present in those structures for which the jet is formed in «reflection» mode; this is, in the case in which the dielectric structure is laying on a highly reflective surface. Such structures were studied, for example, in the cases of spherical [17] , hemispherical [83] and rectangular parallelepiped [86] shapes. In Fig. 14(a) the distribution of the z-component of the Poynting vector is represented within the { } xz plane. It shows enhanced radiation intensity on top of the particle after the light travels through it upon reflection on the surface. This effect may be find application, for example, in surface enhanced Raman scattering [17] . In Fig. 14(b) and 14(c) a similar reflected jet is represented for the case of a parallelepiped structure [86] . There are a number of modifications of photonic structures which allows the control of the nanojet parameters. For example, to engineer the focusing properties one can use an additional pupil mask or microspheres, decorated with concentric rings [87] [88] [89] . This permits an additional reduction of the nanojet focusing spot size.
Another way to improve the nanojet characteristics is using "metamaterial concepts". In this way one can produce nanojet formation by using a "metalens", this is, a system composed by a special arrangement some building blocks ("meta-atoms") or focusing elements. For example, metalenses generated by an assembly of hexagonally arranged, closecontact nanofibers [90] allows creating a nanojet waist smaller than the Abbe diffraction limit.
Nanoscopy with microscopic dielectric particles
Photonic jets work, in many ways, similar to optical antennas in the sense that they effectively couple the energy of free-space radiation at optical frequencies to a confined region of subwavelength size. By just time reversal considerations, it is easy to realize that the reversal process should be also possible. In principle, such antenna should also work for near fields in a similar way as SNOM [91] to break the diffraction limit.
In 2009 it was demonstrated that solid immersed lenses (SIL) with 1.5 n = can resolve 220 nm structures [92] which was slightly below the diffraction limit for the light used to illuminate the structures, having a wavelength λ = 472 nm. Later, in Ref [75] , it was shown that spherical micrometer-sized particles allow resolving particles strongly below diffraction limit. In this case, the magnified picture of the object, situated close to the particle surface, is related to the virtual image, as shown in Fig. 15 . The virtual image magnification factor M for 2 n < in the geometrical optics approximation can be calculated through ray tracing for an object in contact with the lens surface [75] (as shown in Figs. 15(a) and 15(b) for a SIL and a spherical particle, respectively) and reads:
As one can see in Fig. 15(c) the virtual image generated with a sphere produces a higher magnification than that generated by a SIL. When compared to full electromagnetic analysis, the ray tracing technique gives a qualitatively correct tendency of magnification increase with increasing refractive index, although the geometrical optics approximation fails to predict accurate results near 2 n = , where the calculated magnification factor tends to infinity. The geometrical optics approximation is also not applicable in near field region, where evanescent fields are present and the problem of microscope resolution beyond the diffraction limit becomes, thus, quite complicated. In any case it was demonstrated in a number of publications [75, that it is possible to resolve objects below diffraction limit. Experiments were done, both, under white light illumination and with a number of laser wavelengths within the visible range, for particles sizes spanning from submicrometer to hundreds of micrometers and for refractive indexes ranging from 1.3 to 2.5. All papers confirm the magnification effect first described by Seneca. From these publications one can see that, in the case of relatively small magnifications 1.5 3 M = − , as those reported e.g. in [95, 109, 120, 121, 123, 124, 126, 130, 134, 142] , the solid immersion lens and the spherical particle produce very similar effects. On the contrary, in the range of magnification values 3 6 M = − the difference between a sphere and a SIL becomes pronounced, as reported e.g. in [75, 94, 96, 115, 117, 122, 138, 149, 155, 161] . This latter range of magnifications has been, probably, the most investigated in publications. Finally, there are a few papers in which the authors have used particles with high refractive index 1.8 n >
and high magnification values 6 M > have been obtained. This is the case, e.g., of [95, 116, 147, 151, 153] . An example of a microsphere super-resolution imaging [75] setup is illustrated in Fig.  16a . The as-received SiO 2 microspheres were placed on top of nanoscale objects. A halogen lamp with a peak wavelength of 600 nm was used as the white-light illumination source. These microspheres function as super lenses -microsphere super lenses -that collect the underlying near-field object information and magnify it (forming virtual images that keep the same orientation as the objects in the far-field) before it is projected to an 80X Olympus (Essex, England) objective lens (NA = 0.9, model MDPlan) of an Olympus microscope (model MX-850). The combination of microsphere superlenses and the objective lens forms a compound-imaging lens system. In the reflection mode, the white-light source would be incident from the top, opposite to the light source at the bottom in the transmission mode. Clear images of sub-diffraction-limited features of nanoscale objects have been captured by the nanoscope, as shown in Figs. 15(a)-15(d) . For example, 30-nm-thick chrome-film diffraction gratings with 360-nm-wide lines spaced 130 nm apart on fused silica substrates were imaged in transmission mode (see Figs. 16(a) and 16(b) ). The virtual image plane was 2.5 μm beneath the substrate surface, and only those lines with microsphere particles on top of them were resolved. The lines without the particles mix together and form a bright spot that cannot be directly resolved by the optical microscope because of the diffraction limit. For the visible wavelength 400 nm, the best diffraction-limited resolution is estimated to be 215 nm in air using the vector theory of Richards and Wolf [163] , and 152 nm when taking the solid-immersion effect of a particle into account. For the main peak of a white-light source at 600 nm, such as the ones used in this experiment, the limits are 333 nm in air and 228 nm with solid-immersion effect, respectively. Here, one should also note that the focal planes for the lines with and without particles on top are different. In another example (shown in Figs. 16(c) and 16(d)), a fishnet structure fabricated in a 20-nm thick gold-coated anodic aluminium oxide (AAO) membrane was imaged. The membrane pores are 50 nm in diameter and spaced 50 nm apart. The microsphere nanoscope resolves these tiny pores well beyond the diffraction limit with a resolution between λ/8 (λ = 400 nm) and λ/14 (λ = 750 nm) in the visible spectral range. It is important to note that the magnification in this case is around 8 X-almost two times that of the earlier grating example, implying that the performance of the microsphere superlens is affected by the near-field interaction of the sphere and the substrate. The field of microsphere nanoscopy has grown rapidly in the past few years. For example, Hao and Liu et al. demonstrated that the imaging contrast in a widefield microsphere nanoscope could be improved by partial immersion of the microspheres in liquid [93] . They also proposed and demonstrated a nice variant of the technique, employing a microfiber to evanescently illuminate the specimen while simultaneously imaging it at a 75-nm resolution [100] . Imaging contrast in this case was greatly improved owing to the limited illumination depth (typically < 200 nm) of the evanescent waves, achieving sharp and clear images of the nanostructures [100] . This idea may be worth of further exploration for sub-50 nm resolution imaging in the future, for example by extending the evanescence wave illumination approach to microspheres using either prism-style or objective-style TIRM (Total Internal Reflection microscopy) setups [164] . Another important development, of particular importance for biological applications, was the demonstration of super-resolution imaging with microspheres inside aqueous environments, where higher-index microspheres [94, 102] were chosen to match the increase in the background liquid medium. Darafsheh et al. [94] have also demonstrated a series of advantages of microsphere-assisted imaging over confocal and solid immersion lens microscopies, including intrinsic flexibility, better resolution, higher magnification, and longer working distances. They were able to resolve minimal feature sizes on the order of 50-60 nm in nanoplasmonic arrays, consistently with previous works [75] . On the other hand, Vlad et al. [165] studied the imaging performance of thermally reshaped polymer microspheres and addressed the issue of virtual image plane selection. In another work, Yan and associates claimed 25 nm lateral resolutions in the visible spectrum by combining fused silica and polystyrene microspheres with a conventional scanning laser confocal microscope [105] .
With respect to applications in biological fields, Yang et al. 166 imaged biological samples and demonstrated that the shape of subcellular structures like centrioles, mitochondria and chromosomes can be clearly resolved through a microsphere nanoscope. Similarly, this imaging method [166] was also used to identify the expression of the specific mitochondrial membrane protein MTCO1 and Li et al. applied the technique to image adenovirus without labelling [167] .
Practical applications in microscopy require a precise control over the positioning of the microspheres for scanning operation. Different demonstrations, some of which are shown in Fig. 17 , have been reported. Krivitsky et al. [95] used a fine glass micropipette attached to the microsphere to move the particle and perform the scanning. Wang et al 168 . extended the development by using an AFM cantilever to mount the microsphere and subsequently used it for precise scanning, achieving high-efficiency super-resolution imaging over a large area, with efficiency 200 times higher than a conventional AFM [95] (as shown in Figs. 17(a) to 17(d)). Li et al. [153] demonstrated the so called swimming micro robot optical nanoscopy (SMON) by using chemical reaction forces to drive the microsphere lens. Autonomous motion and magnetic guidance of micro robots enable large-area, parallel and non-destructive scanning with subdiffraction resolution [153] (as shown in Fig. 17(e) ). Another scanning strategy [128, 169, 170] is to use high-index microspheres (TiO 2 or BaTiO 3 ) embedded into a transparent host material (such as PMMA and PDMS) and then integrate this system with a conventional objective lens, forming a 'superlensing objective lens' (as shown in Figs. 17(f) to 17(h)). The scanning is realized via motion of the imaged objects, which are fixed on a motion stage. [168] . (b) Virtual image observed using the microsphere superlens [168] . The inset shows an SEM image of the imaged object [168] . (c, d) Backside and frontside images, respectively, of the AFM cantilever with the attached microsphere superlens. Scale bars correspond to 2 mm in (b) and to 50 mm in (c, d).
(e) Swimming micro robot optical nanoscopy [153] (SMON) -schematics and particle scanning mechanism. (f-h) Superlensing objective lenses [169] . In (f) the BaTiO 3 superlens was fabricated by encapsulating a monolayer of BaTiO 3 microspheres (3-80 µm diameter) inside Polydimethylsiloxane (PDMS). In (g) the superlensing objective was made by integrating a conventional microscope objective lens (e.g. 50 × , NA = 0.7, or 100 × , NA = 0.95) with a BaTiO 3 microsphere superlens using a 3D printed adapter. (c) Experimental configuration for super-resolution imaging using the developed objective fitted onto a standard white light optical microscope.
Published results of different authors related to magnification M, of virtual images are more or less in agreement with the simplified, geometrical optics approximation in Eqs. (13) . However, the reported results on resolution enhancement appear to show large variations between different authors. While the typical resolution of a conventional microscope, 2 n λ ≈ , is related to the diffraction limit, when using spherical particle nanoscopes, with refractive indices ranging from relatively low-index 1.46 n = to relatively high-index 1.9 2.1 n = − , different authors have claimed achieved resolutions spanning from 3 λ to 17 λ [105] . The resolution variation is caused by the near-field nature of the technique (since the resolution is determined by how much the near-field evanescent waves were collected by the particle in studied particle-on-sample system) as well as the inconsistence in resolutionmeasurement samples used by different authors (e.g. nano-gaps, nano-lines, nano-grating). For consistency in resolution measurement, one possible solution is to use standard resolution calibration samples such as a nano-scaled version of 1951 USAF resolution test chart which is widely accepted to test the resolution of optical imaging systems such as microscopes, cameras and image scanners. Another solution is to inversely calculate the theoretical point spread function (PSF) from experimental results. In optics, the interconnection between the input pattern ( ) 
where M is magnification. In microsphere nanoscope imaging, theoretical analysis of white light interaction with microsphere is often simplified by using its peak wavelength (e.g. 550 nm or 600nm in most cases), so that the broadband nature of illumination source was neglected. In fact, the application of white light means the simultaneous excitation of various intensity field patterns across a size parameter range. For example, for a 3-µm-diameter particle under white lights, its size parameter q will range from 13.46 (λ = 700 nm) to 23.56 (λ = 400 nm). Using Mie theory we calculated the XZ-plane |E| 2 field distribution for varying q with step size accuracy Δq = 0.1 for both spheres and cylinder, as shown in Fig. 19 . For spheres, it shows the coexistence of at least three different field modes or patterns, i.e. super-resolution at q = 18.4 ( Fig. 19(a) ), a usual photonic jet mode (Fig. 19(b) ) and a weakly excited whispery gallery mode at q = 21 when excited by white light. For cylinder, the results are slight differently, we didn't observe the super-resonance modes in cylinders but see evidence of strongly excited whisper gallery mode at q = 19.2 ( Fig. 19(e) ). It shall be noted these results are calculated with size parameter step size Δq = 0.1. Reducing Δq step size in calculation may reveal more field patterns due to optical resonances. See Visualization 1 and Visualization 2 with movies for more details on photonic nanojet formation, super resonances in sphere and whispering gallery mode in cylinder. The microsphere superlens technology can be also used in 3D super-resolution imaging [150] by combining it with white-light interferometry. Using this principle, spatially resolved features with a resolution of 50 nm in the lateral dimensions and about 10 nm in the vertical dimension have been experimentally demonstrated without the use of fluorescent dyes [150] . Ultimately, the fundamental limit for optical super resolution follows from the information theory [173], which yields a resolution limit of about 10 17 λ λ − . In fact, the basic physics involved in super resolution is related to the image reconstruction by collection of evanescent waves, somehow similar to what was suggested originally for a perfect lens with a negative refractive index [174] .
Finally, let us focus briefly on the case of optical nanoscopy by means of cluster assembled materials. It is well known that such materials can form nanometer scale regular structures [175] . A simple example of such cluster assembled materials would be 2D structures of nanoparticles embedded into a transparent host material (PMMA, PDMS, etc.) [128, 169, 170] . However, last year witnessed the emergence of a promising idea, namely that of shaping more involved, 3D, cluster assembled material. For example, it was shown that is possible to fabricate solid immersion lens from these assemblies (also called metamaterial SIL) where small spherical dielectric nanoparticles were used as building blocks to fabricate the SIL [142] . This technique includes preparing some specific "colloidal solution" of nanoparticles in a water-immiscible organic solvent, which behave as a plastic solid, capable of being molded into desired 3D shapes. Experimentally, it was demonstrated using 15 nm TiO 2 nanoparticles [142] . Having a refractive index 2.5 n = , such 15 nm TiO 2 particle are non-resonant in the visible range of the spectrum; the first magnetic dipole resonance arises for a size parameter 1.2 q ≈ , corresponding to particle sizes around 175 nm for 460 nm wavelength illumination. It is also far from Kerker resonance at 1.1 q ≈ . Thus, each particle produces just weak Rayleigh scattering and, thus, the metamaterial formed by their assembly is just expected to behave as a homogeneous material with corresponding refraction index 1.9 n = , in the frame of effective medium theories. The theoretical analysis presented in 142 reveals that a signal from two point sources propagating into such homogeneous media decays exponentially and most of the evanescent wave energy is lost within 50 nm distance, as expected. However, in dense multiple scattering media the near-field coupling between individual scattering centres can lead, at mesoscopic scales, to an increase of light transport and, thus, the total transmission [176] . Indeed, numerical modelling of a metamaterial media constructed from these, closely packed, 15 nm TiO 2 nanoparticles [142] shows that the evanescent wave interacts with the TiO 2 nanoparticles and turns into a propagating wave, which is able to travel within the composed medium towards the far field. Such metamaterial solid immersion lens produces a sharp image with a super-resolution of, at least, 45 nm under a white-light optical microscope, as shown experimentally in Fig. 20 . Similar super resolution has been also reported using ZrO 2 ( 2.2 n = ) nanoparticles instead immersed in a polymer matrix [177, 178] , and probably even better resolutions can be achieved using post processing with coherent diffractive imaging [179] . In conclusion, after years of research developments on optical nanoscopy with transparent dielectric particles, it seems that achieving optical resolutions on the level of 10 λ or even better does not look, any longer, like science fiction. A similar progress has been achieved in understanding and controlling the generation of photonic nanojets with a broad wealth of systems. In this regard, 3D cluster assembled materials have been shown to allow the creation of periodical near field nanojets on the 15-30 nm level [142] . The development of such systems is very promising for nanolithography, as well as for other applications. We have to emphasize that the photonic systems present here (giving rise to either photonic nanojets or nanoscopy devices) are based on materials having a relatively small refractive index contrast with the surrounding media, typically less than two, 2 n < . As a result, these systems operate in the regime of relatively big size parameter, typically on the order of 10-100 (yielding typically micrometer scale elements in the optical range). This is the main difference with the emergent field of high refractive index photonic systems [180] , for which the index contrast 2 n > and, thus, may operate in the range of size parameters on the order of unity. This may be an interesting direction to explore, in which the resonant properties of dielectric particles, and, in particular, the effects of optically excited magnetic modes, may play an interesting role.
Studies of phohonic nanojet gave impetus to research in a number of related fields, e.g. in THz range, in plasmonics, acoustic and ultrasound (see e.g. arXiv: 1604.08146 (2016). Analysis of these activities is outside the scope of this review.
See Visualization 1 and Visualization 2 for photonic nanojet formation, super resonances in sphere and whispering gallery mode in cylinder.
